A method has been developed for speciation of total, total inorganic and organic arsenic (As) species in groundwater samples. The inorganic species of As (III,V) were separated from organic forms by adsorbing on alumina (Al2O3) whereas the organic As was eluted out. The retained inorganic As species was eluted by 0.2 M HCl. Then eluent As III and As V were formed as complexes with ammonium pyrrolidinedithiocarbamate (APDC) and molybdate, respectively. Then As III -PDC and As V -molybdate complexes were quantitatively extracted into a non-ionic surfactant Triton X-114. The total As was determined by conventional preconcentration procedures. The resulting solutions of each method were determined by ETAAS with modifier. The main factors affecting the separation and cloud point extraction (CPE) were investigated in detail. The limits of detection values were found as 0.04 and 0.20 μg L -1 for As III and As V , respectively, whereas limits of quantification were observed as 0.13 and 0.33 μg L -1 for As III and As V , respectively. Standard addition method confirmed the accuracy. The recoveries of As III and As V were found in the range of 98 -99%. The proposed method was applied to groundwater samples collected from different areas of Sukkur district.
Introduction
Groundwater contamination from arsenic (As) is a very serious problem in south Asian countries like Pakistan, Bangladesh and India, where some parts of the population are exposed to high health risks from drinking water contaminated with As. 1 As exists in water primarily as the inorganic oxyanions of arsenite As III and arsenate As V , with As III predominating in anaerobic waters and As V prevailing in oxic waters. [2] [3] [4] [5] Recent surveys about arsenic redox speciation in groundwater, which is a major source of drinking water throughout the world, 6 suggest that inorganic As can represent >67% of total As in groundwater. 7 Therefore, the trace determination of inorganic As species in surface and groundwater is important, because of their high toxicity and ability to bioaccumulate in many organisms and its abundance in all environmental compartments. 6, [8] [9] [10] Consequently, a speciation method as well as a sensitive and selective method is required for the As analyses. As a contaminant, As III is most problematic than As V because of its high toxicity and mobility. Acute and chronic poisoning involves the respiratory, gastro-intestinal, conjunctivitis, hyperkeratosis, hyperpigmentation and cardiovascular diseases, and disturbances in the peripheral vascular and nervous systems. 11 Arsenic is carcinogenic and may cause lung cancer, bladder cancer, liver cancer, renal cancer, and skin cancer. 12 In view of these facts, the speciation of As is most important for the assessment of toxicological and environmental impacts of As. Therefore, a high sensitive and simple method is necessary for determining the concentration of the different oxidation states of the inorganic compounds for these elements present in the environment, because of their bioavailability and physiological and toxicological effects. [13] [14] [15] Several analytical techniques have been used for the speciation of As, including inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS), high performance liquid chromatography (HPLC), electro analytical techniques and different hyphenated coupled techniques, 16, 17 but they cannot perform enrichment for the detected element. For ultra trace quantity of As in natural waters, the coupled detectors except for ICP-MS, are poor in sensitivity; ICP-MS with high sensitivity is too expensive for most researchers to purchase. Furthermore, the combination of instruments makes the determined procedures more complex and the continuous determining mode is also not suitable for atomic absorption spectroscopy. 18 It is possible by applying sample separation and pretreatment procedures prior to determine As species by atomic absorption spectroscopy. The separation and preconcentartion methods i.e., solvent extraction, solid phase extraction, coprecipitation and cloud point extraction have been reported. 19 These are fast, low cost and simple techniques as compared to chromatographic techniques. Inorganic metal oxides, such as aluminum oxide (Al2O3), cobalt oxide and titanium dioxide, have been used to concentrate trace and ultra trace metallic elements as sorbents. [20] [21] [22] [23] [24] The Al2O3 showed high adsorption ability for target metal ions due to its ordered mesoporous structure with a pore size of about 10 nm. 25 For the quantitative determination of As, graphite furnace atomic absorption spectrometry (GFAAS) or hydride generation atomic absorption spectrometry (HGAAS) were frequently used. 26, 27 The choice of these techniques depends on sample volume availability, the matrix composition and the As species present in the sample. The HGAAS response is strongly high for As, but GFAAS is adequate for the measurements of both organic and inorganic species. 24, 26, 28 In Pakistan, there is a calamitous need to study the status of inorganic As species in surface and groundwater. The present study was undertaken to evaluate As species in water system for the identification of their origin/source. In this work, Al2O3 was used as the packing materials for separation of inorganic and organic As species in groundwater. Trace quantities of As III and As V were preconcentrated by forming complexes with APDC and molybdate. The resulting complexes were extracted in a nonionic surfactant, followed by using ETAAS to determine concentrations of these As species. The optimal conditions for As speciation were also investigated in detail.
Experimental

Sampling site
The surface and groundwater samples were collected from 130 sampling sites of different origins, during alternate months in 2007, from Sukkur, Sindh (southern part of Pakistan) with the help of a global positioning system (GPS). The district of Sukkur covers an area of 5165 square kilometers. Geographically it reaches from 27 05′ to 28 02′ north latitude and from 68 47′ to 69 43′ east longitude at an altitude of 220 feet (67 m) from sea level. It is also the narrowest point of the lower Indus course with semiarid and subtropical continental climate and temperatures ranging from 8 to 52 C.
Sampling and pretreatment
The sampling network was designed to cover a wide range of whole district. The samples were collected from 8:00 AM to 1:00 PM during the 2-year study. One hundred and twenty surface water (canal water (CW) and river water (RW)) composite samples were collected using open water grab samples (1.5 L capacity) equipped with a simple pull-ring that allowed for sampling at various water depths of 20 -30 cm, from 5 to 7 points of each station randomly. The groundwater samples (tube wells and hand pumps water at depths of >20 and >5 m, respectively), were collected simultaneously from each sampling site. To evaluate the water quality, we kept water samples in 2 L polyethylene plastic bottles cleaned with metal free soap, rinsed many times with distilled water and finally soaked in 10% nitric acid for 24 h and finally rinsed with ultrapure water. All water samples were stored in an insulated cooler containing ice and delivered on the same day to the laboratory, all samples were kept at 4 C until processing and analysis. 29 The analyses of As III and As V were accomplished on the same day to avoid risk of transformation of species such as was reported elsewhere. 29 
Reagents and chemicals
Ultrapure water obtained from an ELGA lab water system (Bucks, UK) was used for experimental work. The extracting solutions were prepared from analytical grade reagents and were checked for possible trace metal contamination. The standard solutions of As III and As V were prepared on a daily basis by diluting appropriate aliquots of a 1000 mg L -1 certified standard solutions obtained from Fluka Kamica (Buchs, Switzerland) of corresponding metal ions. Concentrated HNO3 and HCl were spectroscopic grades from Merck (Darmstadt, Germany). A stock solution (1.00%, w/v) of the nonionic surfactant octylphenoxypolyethoxyethanol (Triton X-114) Sigma (St. Louis, MO) was prepared in ultra pure water and was used without further purification. Alumina (150 PF254+366) (Merck) neutral for chromatography, particle size 50 -200 μm, was used for separation of inorganic and organic species of As. Prior to use, the particle size of 90 μm was separated by a plastic mesh, and used for column packing. Ammonium pyrrolidinedithiocarbamate (APDC, Fluka) was used as the chelating agent to form the hydrophobic metal complexes. A 0.1% (w/v) of APDC solution was prepared by dissolving a suitable amount of APDC in ultrapure water. All chemicals and reagents were analytical grade (Merck) and were checked for possible trace metal contamination. Ammonium molybdate (Merck) 1% solution was prepared. This solution was cleaned by extraction with 20 mL butan-1-ol. Butan-1-ol (Merck) was used without any purification. The certified reference material SRM 1643e (water) was purchased from he National Institute of Standards and Technology (NIST), Giathersburg, MD.
Apparatus
A WIROWKA Laboratoryjna Type WE-1, nr-6933 centrifuge (speed range 0 -6000 rpm, timer 0 -60 min, 220/50 Hz, Mechanika Phecyzyjna, Poland) was used for centrifugation. A mechanical shaker (Gallankamp, England) was used for shaking. The measurements of electrical conductivity (EC) and total dissolved solids (TDS) in water samples were analyzed by using a conductometer (InoLab conduc. 720, Germany); the pH was measured by a pH meter (781-pH meter, Metrohm). A global positioning system (iFinder GPS, Lowrance, Mexico) was used for sampling locations.
The determination of As in extracts and digests was carried out by means of a double beam Perkin-Elmer atomic absorption spectrometer Model 700 (Norwalk, CT) equipped with a graphite furnace HGA-400, pyrocoated graphite tubes with integrated platform and an autosampler AS-800. A single element hollow cathode lamp for As was operated at 7.5 mA with a spectral bandwidth of 0.7 nm. The graphite furnace heating program was set for different steps: drying, ashing, atomization and cleaning as temperature range C/ramp time in second/holding time in second; 80 -120/1/30, 300 -600/10/20, 2000 -2100/0/5, and 2100 -2400/0/2, respectively. Portions of both, standard or sample and modifier were transferred into auto-sampler cups, and 20 μL (standard or sample volume 10 μL + 10 μL modifier 3 μg Pd + 5 μg Mg (NO3)2) were injected into the electrothermal graphite atomizer.
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Determination of total arsenic
For TAs, 200 mL of ground (hand pump and tube well) water samples were preconcentrated up to 25 mL at 70 C on an electric hot plate, filtered, and kept at 4 C till further analysis. For accuracy, a certified reference sample of water (SRM 1643e) was treated as described in previous work.
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Determination of organic and inorganic arsenic
For separation of oAs and iAs species in groundwater samples, a glass column with an inner diameter of 20 mm and a length of 25 cm was filled up to a height of about 20 cm with activated small sized Al2O3 and was held in the column with small pieces of wool. Prior to use, the column was preconditioned with 0.01 mol L -1 HCl and then with deionized water, twice. A 100-mL portion of each of replicate six samples of groundwater with and without addition of studied As species, As III and As V at three concentration levels (5.0 -20 μg L -1 ) was passed through the column to separate organic As species from inorganic As species by using a peristaltic pump at a flow rate of 0.5 -2.0 mL min -1 . The inorganic form of As was separated from organic forms in groundwater samples by adsorbing on alumina (Al2O3) whereas the organic As was not adsorbed. After several separation experiments (n = 20), the column was preconditioned by washing with 10% ethanol in 0.1 mol L -1 HCl and deionized water, then it was used for further experiments. The eluent containing organic As species was subjected to ETAAS with modifier to quantify the oAs contents in groundwater.
The adsorbed iAs species were desorbed by 10 mL of 0.2 M HCl and the volume was made up to 50 mL with ultrapure water. The desorbed solution was divided into two equal portions (25 mL of each). These were used for the determination of As III and As V by CPE.
Determination of As III
A 25-mL volume of desorbed solution and triplicate groundwater samples spiked with and without known standards As III were transferred into a centrifuge tubes with glass stopper (50 mL in capacity). Addition of 0.001 -0.01% of APDC and 0.01 -0.25% (w/v) of Triton X-114 solution followed; then the pH was adjusted in the range of 2 -8 using 0.1 mol L -1 of NaOH/HCl with the help of a pH-meter. The solution was heated in an ultrasonic water bath for 10 min at 30 -60 C. Then mixtures after different time intervals were centrifuged at 3500 rpm (1852.2g) for 2 -10 min for phase separation. After that, it was subjected in an ice bath for 5 min to increase the viscosity of the surfactant-rich phase. The supernatant aqueous phase was discarded, and the remaining micellar phase was diluted with 0.2 mL of HNO3 in ethanol (1:10 v/v). The volume of the surfactant-rich phase after the phase separation was measured by using a graduated cylinder. Each resulting solution was injected into the electrothermal atomizer with modifier.
Determination of As V
A 25-mL volume of desorbed solution and triplicate groundwater samples spiked with and without known standards of As V were transferred into centrifuge tubes with glass stoppers (50 mL in capacity). Additions of 0.02 -0.1% of molybdate and 0.01 -0.25% (w/v) of Triton X-114 solution followed; then the pH was adjusted in the range of 1 -4 using 0.1 mol L -1 of NaOH/H2SO4 with the help of a pH-meter. The solution was heated in an ultrasonic water bath for 10 min at 30 -80 C. Then the mixture after different time intervals, centrifuged at 3500 rpm (1852.2g) for 2 -10 min for phase separation. After cooling in an ice mixture of NaCl (5 min), the surfactant-rich phase became viscous. Then, the supernatant aqueous phase was discarded, and the remaining micellar phase was diluted with 0.2 mL of HNO3 in methanol (1:10 v/v). The volume of the surfactant-rich phase after the phase separation was measured by using a graduated cylinder. Each resulting solution was injected into the electrothermal atomizer with modifier.
Statistical evaluation
All mathematical and statistical computations were made using Excel 2003 (Microsoft Office ® ) and STATISTICA 6 (StatSoft, Inc. ® ).
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Analytical performance The calibration and standard addition graphs were obtained for As 3+ and total iAs, determined by the electrothermal atomic absorption spectrometry. The mean and standard deviation, for n = 6 of the slopes of the standard calibration graph corresponding to As III and As V were 0.156 ± 0.003 and 0.204 ± 0.004 μg L -1 , respectively. The linear range of the calibration graph ranged from the quantification limit up to 20 μg L -1 for As. The limit of detection (LOD) was defined as LOD = 3sm -1 , where s is the standard deviation corresponding to 10 blank injections and m is the slope of the calibration graph. The LOD values were 0.04 and 0.20 μg L -1 for As III and As V , respectively. The limit of quantification (LOQ), defined as 10sm -1 , were 0.13 and 0.33 μg L -1 for As III and As V , respectively. To check the accuracy of methodologies for As III and As V , we performed spiking (standard addition) in six replicates at three concentration levels 2.5, 5 and 10 μg L -1 (Table 1) . For total As, the accuracy was checked by using standard reference material SRM 1643e ( Table 1 ). The paired t-test was calculated for n -1 = 5 degrees of freedom, texp (0.12) for TAs were less than the tcrit (2.57) at a confidence interval of 98% (Table 1) , indicating no difference between found values and certified values.
Results and Discussion
The optimization of separation and extraction methods Separation of organic and inorganic As species. The speciation of As in groundwater samples used for domestic and agriculture purposes was carried out by separation/preconcentration methods. The activated alumina in acidic form has a high affinity for a range of oxoanions like As; 5, 19, 22, 25, 26 hence, both As species: AsO3 2-and AsO4 2- , could be retained and preconcentrated on alumina column through selecting the suitable pH. The small particles of Al2O3 are an amphoteric oxide with an isoelectric point (IEP) of 8.1. When the pH values are lower than the IEP, the oxide surface is positive and allows for anionic interchange with inorganic arsenite and arsenate, which probably exist as anion in groundwater. However, the organic As is neutral and cannot be retained on the small sized Al2O3 packed column. The adsorption experiments were carried out over a pH range of 1 -6. The optimum adsorption of only inorganic As species were obtained quantitatively within a pH range of 2.0 -3.5, on Al2O3 packed columns, while dimethyl arsenite could not be retained on Al2O3, at our pH range.
Therefore, for subsequent work a pH value of 3 was chosen for the separation of inorganic and organic As species. The quantitative adsorption remained constant for inorganic As species up to pH 3, while the adsorption percentages of As species decreased rapidly when the pH was higher than 3.5, and almost no adsorption was observed when the pH was raised up to 5. Therefore, in this work, pH 3.0 was chosen for the separation of inorganic and organic As species by Al2O3 packed column. Adsorption capacity is an important factor to evaluate the property of the adsorption material, because it determines how much sorbent is required to quantitatively concentrate the analytes from groundwater. The capacity study of small sized Al2O3 was measured by equilibrating 0.5 g of adsorbent with 50 mL of various concentrations of single target inorganic As species solutions at pH 3. The mixtures were placed in ultrasonic bath for 10 -20 min at room temperature, and then centrifugally separated. The non extracted target analyte in supernatants was obtained by ETAAS determination. The maximal static adsorption capacities of Al2O3 (f 90 μm) for As III and As V are found in the range of 98 -99%. Effects of sample volume, eluents and its flow rate. In order to obtain higher enrichment factor, one needs a large volume of sample solution. It was found that quantitative recoveries for organic and both inorganic As species were obtained for groundwater up to 100 mL. The sample flow rate was studied in the range of 0.2 -2.0 mL min -1 , the experimental results indicate that the optimum recovery was obtained at 0.8 mL min -1 ; for further work, 1.0 mL min -1 was selected. We used various concentrations of HNO3, NaOH and HCl as eluents to elute the inorganic species of As from the Al2O3 packed column. The experimental results showed that 10 mL of 0.2 M of HCl at the flow rate of 0.5 mL min -1 was sufficient for elution of up to 98% inorganic As species from the adsorbent, while the two other eluents could not elute the adsorbed inorganic As species efficiently.
Cloud point extraction method
For speciation of inorganic As species, the As III and As V were formed complexes with APDC and molybdate that were extracted in Triton X-114. Effect of pH. The formation of a metal complex and its chemical stability are the two important factors in cloud point extraction (CPE). The pH value plays a unique role in metal-chelate formation and subsequent extraction, so the influence of pH on the %recovery of As III and As V were examined in the ranges of pH 1 -8 and 1 -4, respectively, at optimal levels of other variables. Figure 1 indicates that the maximum signal intensity for As III was achieved in the range of 3.5 -5.0, whereas As V was observed to be maximum level in the range of 1.5 -3.0. Thus pH 4.3 and 2.2 was used as optimum pH levels for the maximum extraction of As III and As V from groundwater, respectively. Effects of concentration of APDC and molybdate. We studied the effect of APDC and molybdate concentration on %recovery of As III and As V . Preconcentartion step: 10 μg L -1 As III ; Triton X-114, 0.12% (w/v); pH 4.3; temperature and incubation time at 35 C and 5 min, respectively (Fig. 2) . The influence of the amount of APDC on the %recovery of As III was studied in the range of 0.001 -0.01% (m/v). It can be seen that the extraction efficiency of As III was optimum at 0.007% of APDC. The preconcentartion step: 10 μg L -1 As V ; Triton X-114, 0.14% (w/v); pH 2.2; temperature and incubation time at 55 C and 5 min, respectively, showed the influence of the amount of molybdate on the %recovery of As V in the range of 0.0001 -0.001% (m/v). It can be seen that the extraction efficiency of As V was optimum at 0.0006% of molybdate (Fig. 2 ). An excessive amount of chelating reagent was required to enhance the quantitative chelate reaction due to the presence of a large number of elements in complex matrixes of groundwater samples; 0.007 and 0.0006% of APDC and molybdate complexing reagents for As III and As V , respectively, were used for further experiments. Effect of Triton X-114 concentration. The influence of concentration of Triton X-114 on the CPE of As III -PDC and As V -molybdate complexes were investigated within the surfactant concentration range of 0.05 -0.2% (%, w/v) (Fig. 3 ). Preconcentartion step: 10 μg L -1 As III ; APDC 0.007% (w/v); pH 4.3; temperature and incubation time at 35 C and 5 min, respectively, showed the effect of Triton X-114 concentration on %recovery in the range between 0.01 -0.25% (w/v) (Fig. 3) . The optimum quantity of analyte was extracted at the concentration range of 0.1 -0.16%, so for further experiment 0.14% Triton X-114 was used.
For preconcentration of As V at 10 μg L -1 As V , molybdate 0.0006% (w/v); pH 2.2; temperature and incubation time at 55 C and 5 min, respectively, showed the influence of Triton X-114 in the range of 0.05 -0.2% w/v (Fig. 3) . The maximum %recovery was found at the concentration of 0.1 -0.16%. Thus, 0.12% of Triton X-114 was selected for further experiment. However, in both cases >0.14% a black smoke was appeared and signal intensity was disturbed. Moreover, the high concentration of surfactant required a dilution of concentration of the extracted analytes with less enrichment factor. Fig. 1 Effect of pH on the CPE of 10 μg L -1 As III /As V . Other CPE conditions: 0.007% APDC/0.0006% molybdate; 0.14/0.12% concentration of Triton X-114; equilibration temperature, 35/55 C; equilibration time, 5 min. Effects of equilibration temperature and time. The effect of equilibration temperature was investigated with the temperature varying from 30 -60 and 40 -80 C for As III and As V , respectively. The experimental results showed that the maximum signal intensity for As III was attained in the range of 30 -40 C while the As V was detected with maximum signal intensity at 50 -60 C. The CPE efficiency of the analyte was decreased by increasing temperature. Therefore, equilibration temperatures of 35 and 55 C for %extraction of As III and As V , respectively, were chosen for further experiments. The effect of the incubation time was studied in the range of 2 -10 min in an ultrasonic bath. The optimum recovery was obtained at 5 min and further increase in the incubation time resulted in a decrease in the extraction efficiency. For the rest of the experiments, an incubation time of 5 min was used.
Interference of coexisting ions
To check the interference of coexisting elements in matrixes of groundwater, a composite mixture of 1000 mg L -1 of Na + and K + , 500 mg L -1 of Mg 2+ , Ca 2+ , SO4 2-and Cl -and 50 mg L -1 of Zn 2+ , Cu 2+ Al 3+ and Fe 3+ , while 10 mg L -1 of Pb 2+ ions were added to solution of 10 μg L -1 of As III and As V . This was analyzed by ETAAS at the optimum instrumental conditions. The groundwater may contain soluble organic and inorganic As compounds. The interference of these matrices with the determination of different species of As was checked. The interference of Pb 2+ and Fe 3+ were negative because these cations may react with APDC and molybdate to enter a competitive reaction with complexing reagent, but the recoveries of the target As species were more than 98%.
To overcome these interferences, we used excessive amounts of chelating reagent. From the data obtained, it can be concluded that the permissible amounts of coexisting ions were sufficiently high and that the proposed method is free from interference by diverse ions present in groundwater samples.
Application
It is important to know, how the toxicological behavior and biochemical activity of As depend on its chemical form. So, the speciation of As in groundwater samples used for domestic and agricultural purposes is necessary. The organic As compounds are less available than inorganic As in groundwater because their lower solubility and natural abundance in aquifer water. 28 Due to the lack of reference material for As speciation, the validity of analytical method was performed by replicate three sub samples of a canal water, spiking with As III and As V at three concentration levels, then both methods were applied. The %recoveries for the spiked samples were calculated as:
×100
The recoveries for As III and As V were found in the range of 98 -99% (Table 1) . A good agreement was obtained between the added and the measured analyte concentration. These results confirm the validity of proposed methods. The optimized proposed methodologies were applied to the duplicate groundwater samples (n = 160). The mean values were x ± s expressed as range and medians of our As species in groundwater samples ( Table 2) .
The concentration of TAs distributed in hand pump samples of district Sukkur (Pakistan) was varied from 26.0 to 98.2 μg L -1 , while the level of TAs in tube well water samples was ranged from 19.7 to 136 μg L -1 ( Table 2 ). The average content of TAs was found to be 43.5 μg L -1 in groundwater samples of our area, higher than the permissible limit of WHO but less than other countries as reported elsewhere. 1, [3] [4] [5] [6] This is due to the natural processes and anthropogenic activities i.e., pesticides and insecticides used for agricultural lands, untreated waste water sewage sludge as agricultural fertilizer and synthetic fertilizers. 3, 24, 30, 32, 33 The obtained results showed some significant differences among the concentration of organic and inorganic species of As in two sampling locations of groundwater ( Table 2 ). The oAs was analyzed after separation by Al2O3 and about 2 -5% of TAs was found in groundwater samples (Table 2) , indicated its lower availability. 34 The As III is more toxic and mobile than As V . 35 Because of the variation in toxicity and removal efficiency of As III and As V , knowledge about the speciation distribution in drinking water is important. 36 The redox As species are unstable in natural waters, because of the transformation between As III and As V , due to the organic matrices, redox potential (Eh) and pH. 34, 37 Therefore, for accurate determination of As species, all water samples were delivered on the same sampling day to laboratory and analysis of As III and As V were accomplished on same day, to avoid risk of transformation of species as has been reported elsewhere. 38 The As III concentrations ranged from 8.90 -43.2 and 6.30 -60.0 μg L -1 in water samples of hand pump and tube well, respectively (Table 2 ). In the aquifers the redox reactions may change the As species either in oxidizing or reducing form. Thus, high inorganic As concentrations were found in both oxidizing and reducing conditions in both origins of groundwater (hand pump and tube well, Table 2 ). The soluble inorganic arsenicals are more toxic than the organic ones, and the iAs III are more toxic than iAs V . 28 It was observed that in groundwater samples from both origin contained more As V than As III , which The literature also provided relevant information regarding desorption of As V from oxide surfaces at pH > 8.0. 28 Such processes are considered to have been responsible for the release of As in oxidizing quaternary sedimentary aquifers. 6 The results of the present study and literature reported values of As species in groundwater samples are shown in Table 3 . The results obtained by current study for TAs, As III and As V were comparatively lower than those reported in the literature for groundwater. 28, [39] [40] [41] However, the mean concentration of inorganic As species were higher than the WHO recommended level for total As. 3 Thus, it was suggested that the high level of As species might be due to anthropogenic and geological activities, which may play a key role in the distribution of studied inorganic As species in water bodies. 42 According to the survey report conducted by our sampling team, the local population of rural area in district Sukkur mainly depends on groundwater and each resident consumed approximately 3 L of drinking-water, containing >40 μg As L -1 . Therefore, total consumption of inorganic As over 120 μg compared to an estimated daily intake of 12 -14 μg inorganic As from diets of North American population. 43 Thus, exposure to inorganic As may give rise to several chronic health effects in these studied endemic areas.
Conclusions
A novel non-chromatographic method has been developed for the direct speciation of dissolved inorganic and organic As species in groundwater samples. To the best of our knowledge, this is the first work on the separation of inorganic and organic As species in groundwater samples using separation/extraction methods. The inorganic and organic As species were separated by using a small sized alumina as an adsorbent. CPE was used for the determination of trace quantity of As III and As V in groundwater samples, using APDC and molybdate as the complexing reagents and Triton X-114 as the extractant. The proposed methods are simple, low in cost and environmentally friendly, because they do not require carcinogenic organic solvents. These results may convincingly show that the contamination of As speciation is more prevalent in tube well samples as compare to hand pump samples. This suggested that further studies should be focused on the bioaccumulation of As speciation in aquatic biota and hazards associated with their consumption. 
